The reaction of recombinant chlorophyll synthase from Avena sativa, expressed in Escherichia coli, was investigated. To verify the identity of the recombinant and native enzymes, reaction rates were determined for both enzyme preparations with several chlorophyllide analogs. The rates of esterification of these modified substrates ranged from 0 to 100% of the rate with the natural substrate, and were nearly identical for both enzyme preparations. The LineweaverBurk plot for variation of both chlorophyllide a and phytyl diphosphate concentration showed parallel lines, indicative of a 'ping-pong' mechanism. Pre-incubation with phytyl diphosphate exhibited an initial rapid reaction phase, which did not occur after preincubation with chlorophyllide. We conclude that the tetraprenyl diphosphate must bind to the enzyme as the first substrate and esterification occurs when this pre-loaded enzyme meets the second substrate, chlorophyllide. Approximately 10 -17% of the recombinant enzyme were pre-loaded with phytyl diphosphate under the experimental conditions. The rapid reaction phase is also observed for the chlorophyll synthase reaction in etiolated barley leaves in addition to the well-known slow phase. This indicates that pre-loading of the enzyme with tetraprenyl diphosphate is also the basis for the reaction in vivo.
lide a), which needs only 3 further enzymatic steps to form Chl a. Pchlide a is first transformed into chlorophyllide a (Chlide a) upon irradiation, in a reaction catalyzed by the light-dependent enzyme NADPH:protochlorophyllide oxidoreductase (POR; for reviews see Griffiths, 1991; Lebedev and Timko, 1998) . The remaining two enzymes of this pathway are chlorophyll synthase and geranylgeranyl reductase. Chlorophyll synthase preferentially catalyzes the prenylation of Chlide with either geranylgeranyl diphosphate (GGPP) in etiolated seedlings (Schoch et al., 1977; Schoch, 1978) or with phytyl diphosphate (PhyPP) in green plants (Soll et al., 1983) . Geranylgeranyl reductase catalyzes the reduction of 3 double bonds either of GGPP or of the geranylgeranyl moiety in the pigment (Keller et al., 1998) . The end product of the action of all 3 enzymes is phytylated Chl a. It was recently demonstrated that after full photoconversion of Pchlide a in etiolated barley seedlings by a saturating flash of light, the prenylation of the newly formed Chlide a followed complex kinetics with a fast phase during which about 15% of the Chlide a was esterified within 10 -15 s, and a slow phase of about 30 -60 min during which the rest of the Chlide a was esterified (Domanskii and Rüdiger, 2001 ). The molecular basis for the complexity of these kinetics has remained unclear.
Detailed investigations of the properties of chlorophyll synthase became feasible after demonstration that the bchG gene of Rhodobacter capsulatus encodes bacteriochlorophyll synthase (Bollivar et al., 1994) , and the G4 gene (later named ChlG gene) of Arabidopsis thaliana encodes chlorophyll synthase (Gaubier et al., 1995) . The recombinant enzyme, produced by expression of the bchG from R. capsulatus in Escherichia coli, specifically accepted bacteriochlorophyllide but not Chlide, while the analogous expression of the chlG gene from Synechococcus sp. PCC 6803 yielded a chlorophyll synthase which accepted Chlide but not bacteriochlorophyllide . The recombinant enzyme produced with the ChlG gene from A. thaliana accepted Chlide a and b and showed a preference for GGPP rather than for PhyPP . Cloning and heterologous expression of the ChlG gene from Avena sativa revealed essential Cys and Arg residues of the enzyme and a requirement for Mg 2 + ions for activity (Schmid et al., 2001) . In all these earlier studies, only the slow phase of esterification was detected and considered. Here we describe experimental conditions for occurrence of an additional fast initial phase of esterification with the recombinant enzyme from A. sativa, and we report results which
Introduction
The last steps of chlorophyll (Chl) biosynthesis have often been investigated during illumination of etiolated (darkgrown) angiosperm seedlings. Such seedlings completely lack Chl when grown in absolute darkness but, instead, accumulate small amounts of protochlorophyllide a (Pch-allow conclusions to be drawn about the molecular basis for the complex kinetics observed in vivo.
Results

The Esterification Assay
In the standard assay for determination of chlorophyll synthase kinetics, the bacterial lysate was mixed with PhyPP and the desired amount of buffer, and the reaction started by addition of Chlide or its Zn analogs. The reaction was stopped with acetone after specified periods, and the resulting pigment mixture was analyzed for total pigment by spectrophotometry and subsequently by HPLC using a fluorescence detector; this fluorescence assay is more sensitive than that using solvent extraction and absorption measurement as described by Helfrich et al. (1994) . The sensitivity is especially important for the accurate pigment measurement at the beginning of the reaction, when very little esterified pigment is produced. Clear separation of the non-esterified pigments was obtained when the solvent system was slightly acidic: this caused partial removal of the central Mg ion. To completely remove Mg, HCl was added to the pigment solution before injection into the HPLC system to analyze the metal-free pigments. In some experiments, traces of Mgcontaining pigments were still detected (see Figure 1A and B): these were also included in the quantitative determination of pigments. The advantage of the solvent gradient used here is that both non-esterified and esterified pigments are determined in the same run ( Figure 1A and B). This not only allows the precise determination of the Pheide/Phe ratio but is also the basis for calculation of the absolute values of the esterified pigment in combination with the amount of total pigment (see above). The procedure excludes any pipetting errors during preparation of the HPLC probe. The reaction rate was determined using the linear part of the kinetics as shown for a typical experiment in Figure 1C . Depending on the substrate/enzyme ratio, the increase in product formation was linear with time for at least 7 -10 min but extrapola- The examples shown were chlorophyll synthase reactions with 4.8 µM Chlide and 40 µM PhyPP. The amount of Phe was calculated from the ratio of esterified to non-esterified pigments. The incubation time was 1 min (A) and 7 min (B). (C) The amount of Chl esterified in 1, 2, 3, 5, 7 and 10 min. The slope (----) was determined from the linear part (1 -7 min); this slope was used for determination of kinetic data (see Figure 4) . The black bars indicate data obtained with the recombinant enzyme (this work), while the white bars were calculated from the data of Helfrich (1995) obtained with the native enzyme of oat etioplasts. The rate of esterification of Zn Pheide a was set at 100% with both enzymes. *Esterification was only determined with the recombinant enzyme. ** No esterification with both enzymes. tion of the linear slope to time zero did not intersect the point of origin (this phenomenon will be discussed in detail in connection with data of Figures 5 and 6 ).
Previous investigations on chlorophyll synthase were performed with either geranylgeranyl diphosphate (GGPP) or phytyl diphosphate (PhyPP), which are both natural substrates. When 80 µM GGPP was used, it was found that the reaction rate declined to zero already after 3 -4 min. A second addition of GGPP resulted in further activity again for a period of 3 -4 min (data not shown). Apparently, GGPP is rapidly metabolized in the bacterial lysate to a form which is no longer available for the chlorophyll synthase reaction. We confirmed this assumption by pre-incubation of the lysate with GGPP for 10 min before adding Chlide, and there was no esterification; however, the enzyme was still active as shown by resumption of esterification when GGPP was added. By contrast, PhyPP proved to be stable in the presence of the bacterial lysate, and the same linear progress of esterification occurred for about 7 -10 min when Chlide was added at the same time or 10 min after PhyPP. For stability, all subsequent measurements were performed with PhyPP.
The Recombinant and Native Chlorophyll Synthase Behave Similarly
To test whether data obtained with the recombinant enzyme are relevant for the situation in vivo, we compared the kinetics of the recombinant enzyme with that of the native enzyme (Figure 2 ). The source of the latter was a preparation of inner membranes of oat etioplasts (Helfrich et al., 1994) . As substrates, several modified compounds (1 -11) were added, some of which had already been shown to be more or less well accepted as substrates (Helfrich, 1995) . Consistent with the results obtained with the native enzyme, esterification was faster with Zn Pheide b (3) than with Zn Pheide a (1). Zn Pheide d (2), which had not yet been tested with the native enzyme, also showed a faster reaction than 1. The esterification rate of Zn 7 1 -OH-Pheide a (4) and of its pyro derivative 5 was about the same as that of 1, while Zn pyroPheide a (6) also reacted but more slowly. Esterification was significantly slower with the 13 2 (S)methoxy compound 7 and the 13 2 (R)pyro derivative 9, while the 13 2 (R)methoxy compound 8 was not accepted at all. Less reactivity than with 7 was found with the 13 2 (S)ethoxy compound 10 and with Zn chlorin-e 6 -dimethylester (11). Thus, the order of reacPre-Loading of Chlorophyll Synthase with Cosubstrate 1771 tivity of the substrates tested was the same for both the native and the recombinant chlorophyll synthase.
The Reaction Follows a Ping-Pong Mechanism
Preliminary studies of the change of esterification rate with substrate concentration, performed with the method of Helfrich et al. (1994) , indicated a 'normal' saturation curve for PhyPP ( Figure 3A ) and the characteristic of substrate inhibition for Chlide ( Figure 3B ) with the optimum reaction rate occurring at 5 -10 µM Chlide. The variation of substrate concentration in the following detailed investigation was therefore limited for Chlide up to about 8 µM, while a range up to 100 µM was used for PhyPP. Surprisingly, the Lineweaver-Burk plots of the kinetics with varying concentrations of Chlide and three constant concentrations of PhyPP exhibited parallel, straight lines ( Figure 4A ). The same was true for varying concentrations of PhyPP and three constant concentrations of Chlide ( Figure 4B ). The non-intersecting lines of such plots are characteristic of a 'ping-pong' mechanism, which is defined by modification of the enzyme by the first substrate before reaction of the modified enzyme with the second substrate (Voet and Voet, 1990) . To determine which substrate, PhyPP or Chlide, is the 'first' and 'second' substrate, the enzyme preparation was pre-incubated for 10 min with PhyPP and the reaction started with Chlide. The control experiment consisted of pre-incubation with Chlide and initiating the reaction with PhyPP. Pre-incubation with the correct 'first' substrate should result in formation of the modified enzyme and, if the modifying reaction is the time-limiting step, the first round of product formation corresponding to stoichiometric amounts of the modified enzyme should be faster than without preincubation. On the other hand, pre-incubation with the 'second' substrate would not result in modified enzyme formation and hence the same initial velocity of esterification would be observed as without pre-incubation. Several experiments with different enzyme concentrations showed clearly that the initial velocity was always (A) Early kinetics of the reaction at 29°C with recombinant chlorophyll synthase after pre-incubation for 10 min with either buffer (no substrate), 360 µM PhyPP or 6 µM Chlide. The standard deviation is indicated (n= 3). Only pre-incubation with PhyPP leads to an increase in the initial esterification. (B) Early esterification kinetics with Hordeum vulgare seedlings. Segments of etiolated leaves were cut at 2 cm from the top and irradiated with a saturating flash and analyzed for Chl as described by Domanskii and Rüdiger (2001) . The amount of Chl formed refers to one leaf segment. higher for the first 15 -30 s of the reaction when the membrane preparation had been pre-incubated with PhyPP (the correct 'first' substrate) than after pre-incubation with Chlide (the correct 'second' substrate) or without pre-incubation ( Figure 5A ). Variation of the preincubation time with PhyPP from 5 to 20 min did not significantly alter the fast phase of the reaction; therefore, we used 10 min as the standard pre-incubation period. The observed fast reaction phase supports the proposed 'ping-pong' mechanism of the enzyme reaction and further indicates that PhyPP is the correct 'first' substrate, which is pre-loaded and thus modifies the enzyme.
The relevance for the situation in vivo was demonstrated by the analogous investigation of esterification in intact leaves. For this experiment, leaves of dark-grown (etiolated) barley seedlings were flash irradiated to convert protochlorophyllide a that had accumulated in darkness to Chlide a, the substrate for chlorophyll synthase. The kinetics of formation of chlorophyll were analyzed at the same time scale as for the in vitro experiments (Figure 5B ). The resemblance with the in vitro experiment after pre-incubation with PhyPP is obvious: a rapid phase of esterification is followed by a slower phase. Extrapolation of the linear slope indicates that the fast phase ends about 15 -30 s after the flash.
Experiments with a Fusion Protein of Chlorophyll Synthase and Maltose-Binding Protein
The extent of esterification during the initial fast phase relative to that during the subsequent slow phase is apparently higher in the leaves than in the in vitro experiments. This could be caused by a different ratio of enzyme to tetraprenyl diphosphate. To test this hypothesis, we performed pre-incubation experiments with varying amounts of enzyme ( Figure 6 ). These experiments were performed with a fusion protein of the maltose-binding protein and chlorophyll synthase (MBP-HCS). Control experiments verified that the fusion protein MBP-HCS exhibited the same enzyme kinetics as chlorophyll synthase alone (data not shown). MBP-HCS was quantified using anti-MBP antibodies as shown in Figure 6A . As expected, the amount of Chl formed in the fast phase increased with increasing amounts of enzyme after pre-incubation with PhyPP ( Figure 6B ). This increase was larger than that observed in the controls that were pre-incubated with Chlide and showed, on addition of PhyPP, only the slow phase of esterification ( Figure 6B ). Comparison of the amount of enzyme with the amount of Chl formed in the fast phase indicated a ratio of about 6 -9:1. This means that about 11 -17% of the enzyme was pre-loaded with PhyPP under the experimental conditions. Pre-Loading of Chlorophyll Synthase with Cosubstrate 1773 Yield of Chl after reaction for 15 s with specified amounts of chlorophyll synthase (CS). The pre-incubation was carried out at room temperature for 10 min with 360 µM PhyPP (gray columns) or 6 µM Chlide (white columns), and the reaction started by adding 6 µM Chlide or 360 µM PhyPP. The standard deviation is indicated (n= 3). The difference between gray and white columns indicates the amount of Chl formed by the enzyme that was pre-loaded with PhyPP. 
The mutation of the chlorophyll synthase gene from A. sativa is indicated as exchange of the resulting amino acid in the enzyme. The enzymatic activity was determined using the recombinant enzyme with Chlide a and PhyPP and the product formation within 45 min was taken as activity. All values are in percent activity of the wild-type enzyme = 100%.
Site-Directed Mutagenesis Reveals Essential Aspartate and Asparagine Residues
Schmid et al. (2001) suggested a region including amino acid residues 138 to 160 in chlorophyll synthase of A. sativa as a binding region for the polyprenyl diphosphate in analogy to the homologous sequence in various polyprenyl transferases (Lopez et al., 1996) , and in particular the possibilities of ionic interaction of the negatively charged diphosphate group with either Arg or Lys residues like in protein farnesyltransferase (Kral et al., 1997) or with Asp residues complexed with Mg 2 + ions like in isoprenyl diphosphate synthases (Tarshis et al., 1996; Wang and Ohnuma, 1999) . To test the probability of these hypotheses, we constructed point mutations in this region of A. sativa chlorophyll synthase and determined the activity of these variant enzymes ( Table 1) . The amino acid residues Asn-146, Asp-147, Asp-150 and Asp-154 turned out to be essential for activity since no esterification was observed when one of these amino acids was replaced by Ala. This result supports the idea of diphosphate binding via complexed Mg 2 + ; the original consensus sequence DDXXD (Tarshis et al., 1996) would be modified to NDXXD, in this case implying amino acid residues 146 through 150. The consensus motif must probably be extended to D-154 since an additional D at this position is present in chlorophyll synthases, bacteriochlorophyll synthases and several polyprenyltransferases (see Discussion). Arg-151, which is located within the putative binding region, is not essential since its replacement by Ala still gives residual activity of chlorophyll synthase (Schmid et al., 2001) . We confirmed that changing Arg-161 to the neutral amino acid Ala results in complete loss of activity; the positive charge turned out to be essential for enzyme activity since mutation to Lys yielded a reasonably active chlorophyll synthase, and even mutation to His gave still measurable activity (Table 1) .
Discussion
Since esterification of Chlide does not change the UV/Vis absorption or fluorescence properties of the pigment, direct optical assays for the progress of the reaction are excluded. A dramatic decrease in polarity on esterification, however, permits a simple procedure of product extraction into n-hexane (see Helfrich et al., 1994) which has been used in most previous work Schmid et al., 2001) and also in the experiments described in Figures 3 and 5B of this report. The main experiments of the present paper were performed, however, with the more sensitive method of HPLC analysis which allows quantification of as little as 20 pmol pigment and is linear up to 2500 pmol.
Chlorophyll synthase is an intrinsic membrane protein in which nine membrane-spanning helices have been predicted on the basis of the amino acid sequence (Schmid et al., 2001) . According to activity measurements, native chlorophyll synthase is localized specifically in the inner membranes of plastids (Soll et al., 1983; Lindsten et al., 1990) . It was not clear initially whether the recombinant enzyme folds correctly in the membrane system of Escherichia coli. The present work demonstrates parallel scales of acceptance of modified substrates by native and recombinant enzymes indicating that the folding of the active center, at least, is identical in both enzyme preparations; thus, the kinetic data obtained with the recombinant enzyme can be expected to be relevant also for the native enzyme.
The experiments with modified substrates show a wide range of acceptance which allow already some conclusions on the steric requirements of chlorophyll synthase. It had already been demonstrated that the enzyme does not accept Chl a´, and steric constraint was assumed to be responsible (Helfrich et al., 1994) as confirmed by the present work. It is critical that the substituent at C-13 2 on the same side of the tetrapyrrole ring as the 17-propionic acid side chain is a proton as in Chlide a, the natural substrate of chlorophyll synthase. Replacement of the proton by a methoxy group (compound 7) diminishes the reactivity, and compound 10 with an ethoxy group has even lower reactivity (see Figure 2) . In Chlide a´, the proton is replaced by the large methoxycarbonyl group and there is absolutely no reactivity. By contrast, the size of the substituent at C-13 2 on the opposite side of the tetrapyrrole ring, which is the methoxycarbonyl group in Chlide a, does not play an essential role. When this group in Chlide a and Zn Pheide a is replaced by a methoxy group (compound 9) or by a proton (compound 6), reactivity does not significantly change. It is not self-evident that replacement of a large residue by a smaller group in a natural substrate must be tolerated by its enzyme since replacement of the 13 2 -methoxycarbonyl group by a proton in protochlorophyllide leads to complete loss of reactivity with NADPH:protochlorophyllide oxidoreductase (Helfrich et al., 1996) . Thus the methoxycarbonyl group must play a specific role in NADPH:protochlorophyllide oxidoreductase while the results obtained with chlorophyll synthase can be explained by steric constraint around the binding site at C-13 2 of the substrate. Surprising, however, is the reactivity of Zn chlorin-e 6 -dimethylester (11), a compound without the isocyclic ring: the side chains at C-13 and C-15 of 11 must be flexible enough to accommodate the compound in the active center. The polarity of the substituent at C-7 does not play a major role since Zn Pheide a, Zn Pheide b and Zn 7 1 -OH-Pheide a are accepted almost equally as substrates for chlorophyll synthase. Whether or not the substituent at C-7 forms direct contacts with amino acids of the active center is still not known. Domanskii and Rüdiger (2001) described a fast and a slow phase of esterification of Chlide a in vivo when the reaction was started in etiolated barley leaves by a flash of light. The fast phase is completed within 15 s after the flash. We have shown here that the same type of kinetics can be obtained in vitro by pre-incubating chlorophyll synthase with PhyPP and starting the reaction by addition of Chlide (see Figure 5) . It seems reasonable to assume that the conditions of the in vitro experiments match exactly those in vivo, since chlorophyll synthase and PhyPP (or GGPP) are present and probably in contact for a long period of time in etiolated plants. This situation corresponds to pre-incubation in vitro and should lead to pre-loading of the enzyme. Formation of Chlide a by the light flash corresponds to addition of Chlide in vitro, and the fast reaction is probably the first round of reaction with the pre-loaded enzyme. The reaction rate during this phase is determined only by the diffusion of Chlide as the second substrate.
This assumption predicts that the amount of Chl formed in the fast phase equals the amount of pre-loaded enzyme. Due to lack of antibodies directed against chlorophyll synthase, the amount of enzyme cannot yet be determined in vivo. For the in vitro experiments, we selected a slightly indirect method of determination. We created the fusion protein MBP-HCS, in which the maltose-binding protein (size 42.5 kDa) and chlorophyll synthase (size 41.5 kDa) are linked in a 1:1 ratio. The quantification by anti-MBP antibodies, calibrated with authentic maltose-binding protein, gives at the same time the amount of MBP and of chlorophyll synthase in the fusion protein (see Figure 6 ). The amount of chlorophyll synthase is 5-to 10-fold higher than the amount of Chl produced in the fast phase and is consistent with the fast phase being the first round of the enzyme reaction in which 11 -17% of the enzyme is pre-loaded with PhyPP. The value of 11 -17% pre-loading (see Results) is of course an approximation since determination of the enzyme protein via Western blotting yields only approximate values, while the Chl quantification method is precise. The calculation of the amount of Chl formed during the fast phase, however, suffers from some uncertainty because we chose a reaction time of 15 s for the determination of Chl ( Figure 5B ): in the (unlikely) case that the first round of reaction is of longer duration, our Chl values would be too small.
Pre-incubation with Chlide leads to 'normal' kinetics with a linear initial reaction rate starting at the point of origin ( Figure 5A) . The difference between the amount of Chl formed after pre-incubation with PhyPP minus the amount of Chl formed after pre-incubation with Chlide should be the amount of Chl formed from the pre-loaded enzyme and this difference would be constant with time if both reaction rates are identical after completion of the rapid phase. Figure 5A shows a slightly steeper slope for the kinetics after PhyPP pre-incubation than after Chlide pre-incubation, which possibly indicates a slight activation or stabilization of the enzyme so that the difference gets larger with time. Thus, our Chl values could be a little too large if the true fast phase is shorter than 15 s.
An obvious observation, illustrated in Figure 6B , is the production of less than twice the amount of Chl when the amount of bacterial lysate is doubled. This effect is especially pronounced in the controls in which the reaction rate, according to the proposed ping-pong mechanism, depends on diffusion and binding of both PhyPP and Chlide, and it is less pronounced in the samples that were pre-incubated with PhyPP in which the initial reaction rate depends only on the diffusion and binding of Chlide. The ping-pong mechanism implies that binding of the first substrate leads to modification, most probably including a conformational change, of the enzyme. The high viscosity of the membrane suspension with up to 24 mg total protein per ml could slow down the diffusion of the substrates and, in particular, retard conformational changes caused by PhyPP binding. This assumption could explain why the activity responds more to viscosity when PhyPP binding is still involved than after pre-incubation with PhyPP. Lopez et al. (1996) pointed out that chlorophyll and bacteriochlorophyll synthases are evolutionary related to a group of polyprenyltransferases, which are intrinsic membrane proteins and are involved in biosynthesis of menaquinone (MenA gene) and ubiquinone (ubiA and COQ2 genes). The latter are now known to be members of the UbiA prenyltransferase family that includes in addition enzymes catalyzing farnesylation of protoheme (cyoE, ctaB, and COX10 genes).The members of the UbiA family are known to be membrane bound with predicted 6 -9 transmembrane segments, depending on the program used for prediction. The best conserved region, supposed to be the binding site for polyprenyl diphosphate (Melzer and Heide, 1994) , is located in the loop between the second and third transmembrane segment (see Figure 7 ) and has been used as signature pattern for this family of proteins (see Table 2 ). Lopez et al. (1996) Table 2 , and the numbers indicate the position of amino acid residues in the oat sequence. The amino acids of the loop between transmembrane segments II and III are given for the oat sequence, and the consensus sequences of Table 2 are contained in this loop. vored the motif DRxxD (starting with D150 in chlorophyll synthase) for polyprenyl diphosphate binding while Schmid et al. (2001) pointed out that an overlapping motif NDxxD starting with N146 could also be a candidate. Here we demonstrated by site-directed mutagenesis of chlorophyll synthase that several amino acids in this region are essential for activity (see Table 1 ); the results can be summarized in form of the motif NDxxDxxxDxxxxxxR, starting with N146, where only the essential amino acid residues are named. This motif matches the signature of the ubiA family except for the position of R161, an Arg residue is found in the ubiA signature sequence only two positions later. The discrepancy, albeit minimal, prompted us to search for consensus sequences in the loop region of several subclasses of polyprenyltransferases. As shown in Table 2 , each subclass has a particular consensus sequence. Since the probability to find the essential residues increases with the number of sequences considered, the future may reveal less essential residues than indicated here as true signature for Chl-S and Toc-PT of which only 13 and 6 sequences are available at present. The best alignment with the other subclasses is obtained when a gap of two residues is allowed for Chl-S and Toc-PT as shown in Table 2 . Another gap of two more residues is required for all subclasses of Table 2 when also the MenA prenyltransferase family is to be included (not shown in Table 2 ). Nevertheless, there is no doubt about the evolutionary relationship of all subclasses compiled in Table 2 , which follows also from the similarities in other regions of the entire sequence not further discussed here. In the putative binding region for the polyprenyl diphosphate, a new signature can be proposed for the extended family (see Table 2 ), and since this signature contains the Asn and Asp residues that are essential for enzyme activity and have been proposed to be essential for PhyPP binding of chlorophyll synthase (Schmid et al., 2001) it seems reasonable to suppose that the enzyme family shares not only binding of the substrate but also the reaction mechanism. Future investigations will reveal whether preloading with the polyprenyl diphosphate is required by all members of the extended UbiA family. It must be mentioned that the motif DDxxD as binding motif for prenyldiphosphate has also been found in farnesyldiphosphate and geranylgeranyldiphosphate synthases, which are not evolutionary related to the ubiA family (Wang and Ohnuma, 1999) .
Materials and Methods
Cloning and Expression of Chlorophyll Synthase
The plasmid pQE60-HCS containing the 1428 bp full-length chlorophyll synthase gene (Schmid et al., 2001) was transformed into E. coli strain SG13009 (Qiagen, Hilden, Germany) and for 
Within each subclass of prenyltransferases, the sequence of the specified type enzyme was compared with those of related proteins found in SWISS-PROT ALL library with FASTA (version 3.3). The Table shows the consensus patterns of part of domain II, which is located in the loop between transmembrane segments II and III. Underlined are the amino acid residues that are exchanged to less than 10% of the specified sequences. For more than 10% exchange, the second and third amino acids are indicated below or, if there are more exchanges, the position is described by x. The abbreviations are: Chl-S: chlorophyll and bacteriochlorophyll synthases; Toc-PT: tocopherol polyprenyltransferases; HB-PT: hydroxybenzoate poly-and octaprenyltransferases; Heme-FT: protoheme farnesyltransferases; UbiA: UbiA prenyltransferase family signature according to PROSITE file PDOC00727 (release of December 2001; http://www.expasy.ch/cgi-bin/). overexpression, supermedium (500 ml) containing 2.5% trypton/pepton, 1.5% yeast extract, 0.6% NaCl, ampicillin (100 µg/ml) and kanamycin (25 µg/ml) was inoculated with an overnight culture of the transformants. The expression was performed at room temperature. At an OD 600 of 0.6, the cells were induced with 0.3 mM IPTG and were grown for another 4 h. The bacterial cells (containing a total of 250 -300 mg protein per 500 ml of medium) were harvested by centrifugation (6000 g for 15 min), washed with 15 ml 50 mM HEPES (pH 8.0) and broken with a French Press (twice at 10 8 Pa).
In vitro mutagenesis was performed according to the 'quickchange' site-directed mutagenesis protocol (Stratagene, La Jolla, USA) using Pwo polymerase (Peqlab, Erlangen, Germany) and the restriction enzyme DpnI (NEB, Schwalbach, Germany). The mutated plasmids were transformed into E. coli XL1 Blue cells and the mutations were verified by sequencing. Subsequent transformation into E. coli strain 13009 and expression were performed as described above. For fusion with the maltose-binding protein, the chlorophyll synthase gene was amplified with the primers p1 (5'-CGC GCG TGA TCA ATG GCC ACC TCC CAC CCT-3') containing a BclI restriction site and p2 (5'-CGC ATA AGC TTC AAG GGG AAA CAA TTT G-3') containing a HindIII restriction site using the plasmid pQE60-HCS as template. The resulting fragment was ligated into the vector pMal P2 (NEB) that had been restricted with BamHI and HindIII. The resulting plasmid was transformed into E. coli strain CAG 597 (NEB). The expression was performed at 30°C, induction and lysis of the bacterial cells followed the above scheme.
Enzyme Assay
Aliquots of this bacterial lysate (containing a total of 3 mg protein) were mixed with specified amounts of PhyPP as indicated in the various experiments and 50 mM HEPES buffer (pH 8.0) was added to a total volume of 250 µl. The reaction was started under dim-green safelight by addition of specified amounts of Chlide, or its Zn analogs, dissolved in acetone (2 -8 µl). Control experiments had shown that the reaction did not change upon addition of up to 15 µl acetone. In some experiments, the bacterial lysate was pre-incubated with either PhyPP or Chlide for 10 min at room temperature and the reaction was started by addition of the missing substrate. After incubation for 1, 2, 3, 5 or 10 min at 29°C, the reaction was stopped by addition of acetone (750 µl), and the precipitated protein was removed by centrifugation (13 000 g for 5 min). The total content of esterified plus non-esterified pigment in the supernatant was determined spectrophotometrically using the absorption at 750 nm as the base line value to correct for nonspecific absorption and the following values for millimolar extinction coefficients at λ max of the pigments: Chl(ide) a: 76.8 at 665 nm (Porra, 1991) , Zn-Phe(ide) a: 77.3 at 660 nm (Jones et al., 1977) , compounds 7, 8, and 10: 77.3 at 660 nm (Klement et al., 1999) , compound 4: 65.7 at 655 nm (Klement et al., 1999) , Zn-Pheide b: 51.3 at 642 nm (Jones et al., 1977) , compound 11: 48.0 at 640 nm (calculated from the Mg-complex; Porra, 1991), Zn-Pheide d: 85 at 683 nm (calculated from the ratio for Chl d:Chl a; Holt and Morley, 1959) , compounds 6 and 9: 69 at 660 nm (calculated from the ratio for Chl a:pyro-Chl a; Pennington et al., 1964) .
After addition of saturated NaCl (100 µl) to the acetone phase, the probes were extracted with ethyl acetate (500 µl). Subsequent to centrifugation (13 000 g for 5 min), the upper phase was evaporated in a rotary evaporator and the residue stored at -20°C. For HPLC analysis, the pigments were dissolved in acetone (35 µl) and 0.25 M HCl (10 µl) and 20 µl were injected into a RP18 column (Grom, Herrenberg, Germany). The fluorimeter detector was set at 410 nm (excitation) and 670 nm (emission) for Phe(ide) a, at 460 and 645 nm for Zn Phe(ide) b, at 400 and 635 nm for Zn chlorin-e 6 -dimethylester, and at 425 and 665 nm for the residual pigments (see Figure 2) . The pigments were separated with the following elution program: 3 min 60% acetone, 20 min linear gradient to 100% acetone, 3 min 100% acetone. The doubly-distilled water used for the preparation of 60% acetone was adjusted to pH 3.5 with acetic acid. The retention times of the unesterified and esterified pigments (Figure 2 ) are as follows: compound 1 (11.2 min/21.7 min), 2 (9.1 min/20.9 min), 3 (8.5 min/20.3 min), 4 (5.0 min/19.5 min), 5 (10.8 min/21.2 min), 6 (11.7 min/21.9 min), 7 (10.6 min/21.2 min), 8 (14.6 min/-), 9 (11.7 min/21.9 min), 10 (11.4 min/21.6 min), 11 (12.5 min/ 21.9 min). The peaks were analyzed with Chromstar, version 4.08 (Gynkotek, Germering, Germany). The ratio of esterified to non-esterified pigments corresponds to the ratio of peak areas and this ratio together with the value of total pigments (see above) was used for calculation of the absolute amount of esterified pigments. Fitting and analysis of kinetic data was performed with GraFit, version 3.01 (Erithacus Software Ltd., Staines, UK). For the results in Figures 3 and 5B, the amount of Chl and Chlide after the enzyme assay was determined by phase separation and spectrophotometry (Helfrich et al., 1994; Schmid et al., 2001) .
Western Blot
The bacterial lysate was solubilized in sample buffer (0.6 M Tris/HCl containing 10% glycerol, 0.25% dithiothreitol, 1% sodium dodecylsulfate and 0.005% bromophenol blue). Aliquots of this solution containing a total of 2 -20 µg protein were applied to SDS-PAGE with 12% acrylamide as the separation gel and the separated proteins were blotted onto nitrocellulose with the semi-dry method (Kyhse-Anderson, 1984) . Immunodetection was performed according to Beisiegl (1986) : anti-MBP antibodies (NEB) were applied as the primary antibodies in a 1:10 000 dilution, followed by incubation with anti-rabbit IgG conjugated to alkaline phosphatase (No. A2556, Sigma, Taufkirchen, Germany) as the second antibody. The bands were then stained with p-nitro-blue-tetrazolium chloride and 5-bromo-4-chloro-3-indolyl phosphate. For calibration, specified amounts (5 ng-1 µg) of authentic maltose-binding protein (NEB) were blotted and stained.
